Recently, molecular studies have uncovered significant cryptic diversity in the Mexican 21
Introduction 49
The Mexican Highlands are a global biodiversity hotspot (Myers et al. 2000) . Recent contains 24 species of stream-dwelling frogs, many of them critically endangered and many that 63 have never been seen after their original discovery (references compiled in Stuart et al. 2008) . 64
Some species are thought to be in serious decline or extinct (Lips et al. 2004 ). The actual number 65 of species, their relationships, and geographic ranges are not well known (Duellman 2001; 66 Duellman et al. Faivovich et al. 2009 ). S. bistincta is the most broadly distributed member 67 of the genus. It occurs in several mountain ranges separated by lowland barriers and might 68 therefore be comprised of multiple species. 69
We sought to assess potential cryptic diversity in S. bistincta using multilocus genomic 70 markers collected via next-generation sequencing (NGS) as well as mitochondrial DNA 71 Barrowclough 2008). Mitochondrial DNA offers many benefits, including economy, efficiency, 74 and wide comparative potential across species and studies. Consequently, there is now a vast 75 5
trove of mtDNA sequences on GenBank. A drawback of using only mtDNA is that a single 76 marker will often fail to accurately depict the speciation process (Edwards & Bensch 2009 ). In 77 response, multilocus methods have multiplied (Edwards 2009; Fujita et al. 2012 ). While multiple 78 loci help model a more realistic speciation process, multilocus studies suffer from the lack of a 79 standardized marker set, which limits the ability to link uncovered lineages with species 80 already identified and described in prior studies and in public databases. This is especially 81 important in groups with multiple subadult phenotypes (e.g., insects and frogs) and where 82 adult phenotypes are conserved across species. While many studies have used both types of 83 markers, few have explicitly explored the benefits of linked mtDNA and NGS data at the level 84 of the individual for lineage discovery and identification. 85
For our multilocus genomic markers, we use ultraconserved elements (UCEs). UCEs are 86 an appealing multilocus marker set because the same loci are found across major branches of 87 the tree of life, where they act as anchors for variable DNA in flanking regions (Faircloth et al. ). An added benefit of the UCE enrichment process (and all so-called "sequence capture" 94 methods) is that whole mtDNA genomes are often captured as off-target "bycatch" ( Tadpoles were targeted to improve sampling efficiency, which allowed for a larger 111 sampling range and sample density. After collection from a sampling location with a dip net, 112 tadpoles were, to the extent possible, separated by species based on morphology and reared to 113 subadults in the laboratory prior to vouchering. Species identification was based on the most 114 recent diagnosis of S. bistincta and other closely related species (Duellman 2001). One tadpole 115 was chosen for the tissue voucher, while the other individuals became physical vouchers with 116 museum catalog numbers. Thus, we provide both field numbers and catalog numbers in Table 1  117 to provide a link to both the exact genetic material (field number) and the associated phenotype 118 voucher representing that genotype (museum catalog number). Before limiting our taxonomic 119 sampling to 38 individuals in a clade thought to represent S. bistincta (as we discuss later, some 120 turned out to be already-described species nested within S. bistincta), we ran preliminary 121 phylogenetic analyses including broader sampling of 45 Sarcohyla individuals and an outgroup 122 genus Exerodonta to ensure we had correctly identified the ingroup (Table S1; We extracted genomic DNA from tissue using a Qiagen (Valencia, CA) DNAeasy Blood and 138
Tissue extraction kit. We visualized extractions on an agarose gel to ensure fragments were 139 larger than 200 base pairs (bp) and quantified the resulting double-stranded DNA using a Qubit 140 2.0 Fluorometer (Carlsbad, CA). For each sample, we sheared 100 µl of 20 ng/µl concentration 141 DNA to a size distribution with its peak between 400 and 600 bp using a Bioruptor 142 ultrasonicator (Diagenode). We prepared libraries for each sheared sample with a KAPA 143 We extracted UCE contigs into a single FASTA file and aligned the output for each locus using 169 MAFFT (Katoh et al. 2005) . We required that 75% of the taxa needed to have data for a given 170 locus to be included in the final concatenated matrix, which led to dropping loci that did not 171 meet this threshold. We then constructed a maximum-likelihood (ML) tree in RAxML v8.0.19 172 (Stamatakis 2014 ) under the GTRGAMMA model of evolution with 100 bootstrap searches, 173 followed by a search for the tree with the highest likelihood. We melded this mtDNA data with existing Sarcohyla and Plectrohyla mtDNA data on 187
Genbank to determine whether any of the lineages we uncovered in S. bistincta relate to already-10 described species. We determined that cytochrome b is the best-represented mtDNA gene on 189
Genbank for this group. We downloaded all existing cytochrome b sequences from Sarcohyla and 190 Plectrohyla taxa. We combined these sequences with those from a subset of our S. bistincta 191 samples, choosing the individual with the most raw reads from each major genetic lineage in 192 the UCE tree. We aligned the trimmed, filtered reads for each individual to a Sarcohyla 193 cytochrome b reference sequence and formed a consensus sequence for each individual from the 194 mapped reads. We then created an alignment and generated a phylogeny using BEAST v2.4.2 195 (Bouckaert et al. 2014). We repeated this process with 16S data because we suspected S. pentheter 196 was closely related to our ingroup, but S. pentheter had no cyt b sequence on Genbank. 197
198

Calling SNPs from UCE loci 199
We called SNPs from UCE loci so that we could run genetic clustering tests and infer a species There is no SNP database available for treefrogs, so we followed best practices for base reasoning that this would likely split out the two outgroups as well as reveal at most one 229 division within S. bistincta. After this, each identified genetic cluster within S. bistincta was 230 further analyzed at K = 2 until no coherent geographically-based structure was evident in the 231 plots. All runs were completed twice and each used an admixture model and 10M generations 232 with 1M generations as burn-in, which led to convergence for all analyses. 233
234
SNAPP tree and species delimitation 235
We generated a species tree from the SNP matrix using SNAPP 1.1.10 (Bryant et al. 2012). This 236 analysis included putative S. bistincta samples (again, later shown to include other species 237 nested within) and one outgroup, S. chryses. For this run, we made no a priori assumptions 238 about how individuals grouped into species and allowed each individual to be considered its 239 own "species" (i.e., terminal tip). We ran two instances of SNAPP for seven million generations 240 using default priors. We combined tree and parameter files from both runs with LogCombiner 241 12 (Table S1 ) contained 1,866 UCE loci and 1,030,450 bp for a concatenated analysis. The 263 resulting ML tree ( Fig. S2 ) showed strong support for monophyly of Sarcohyla, and identified S. 264 arborescandens and S. cyclada as sister species that together form a clade sister to the rest of the 265 Sarcohyla included in the study. We limited further analyses to a smaller data set of 40 samples 266 with S. hazelae as the outgroup (Table 1) . This focal data set contained 1,891 UCE loci and 267 1,038,600 bp. 268 13
The ML tree of these 40 samples found strong support for many clades within the 269 species currently described as S. bistincta, conforming to distinct geographic areas ( Fig. 2a) . Belt (shaded purple). One individual that nested within S. bistincta was labeled as a different 281 species, S. mykter, from Guerrero. We suspect that this sample was mislabeled and is actually a 282 duplicate of an S. bistincta sample already included in the study because their field numbers are 283 similar (last two digits transposed) and the two samples grouped together in all analyses. We 284 have left this sample in all analyses, but have labeled it as a duplicate of S. bistincta UMMZ 285 239749. Another tissue voucher, MK 730 (2), could not be linked definitively to a physical 286 voucher, and thus its geographic location is unknown. Its tip label has been left as the field 287 number. Connecting UCE with mtDNA data, discussed later, revealed that one specimen in the 288 gray clade (UMMZ 239772) is an already-described species, S. pentheter. 289 290 mtDNA tree 291
Our final concatenated mtDNA matrix (individual cyt b and 16S tree are discussed later) was 292 11,269 base pairs including gaps, as coverage of the mtDNA genome varied from sample to 293 sample in accordance with the non-targeted nature of the DNA collection (Table 1) . 294
Relationships in the ML tree (Fig. 2b) among the 29 individuals with high quality scores were 295 similar to the concatenated UCE tree with two key differences, both within the broadly 296 distributed clade in Guerrero and Oaxaca: (1) in the mtDNA tree, individuals from eastern and 297 western Guerrero (shaded pink and red in figures) formed a clade, whereas they were more 298 distantly related in the UCE tree; (2) in the mtDNA tree, individual UMMZ 239731 (shaded 299 purple) was nested within the Guerrero clade instead of being sister to a much more inclusive 300 clade, as in the UCE tree. 301 302
Structure analysis 303
As expected, the first run of STRUCTURE at K = 4 split the two outgroup species into distinct 304 clusters and split the remaining individuals into two clusters. Further analysis of each cluster at 305 K = 2 revealed ten genetic clusters in all (Fig. 1c) , which are largely concordant with clades 306 15 observed in the UCE and mtDNA phylogeny. Most individuals did not share assignment 307 among clusters, although a few individuals showed mixed assignment among clusters. 308
309
SNAPP species tree 310
The SNAPP tree and its cloudogram of posterior species trees (Fig. 3) Belt) had 70 differences across the 681 bp (10.3% divergence). This DNA identification of 330 UMMZ 239772 as S. pentheter was later confirmed by re-examining the subadult specimen. 331
After confirming UMMZ 239679 as S. pentheter, we generated a Bayesian tree of 332 cytochrome b combining the samples from this study with Genbank sequences (Fig. 4) . This tree 333 revealed not only that S. pentheter was nested within the current S. bistincta, but so was another 334 species not included in our sampling, S. calthula. The tree also helped clarify relationships 335 outside of S. bistincta by supporting S. chryses + S. mykter to be sister to the S. bistincta + S. 
Bridging multilocus and mtDNA data for cryptic lineage discovery 346
Multilocus NGS data identified numerous divergent lineages within the Sarcohyla bistincta 347 complex, supporting similar patterns observed in a recent study of this complex based on 348 mtDNA and a few nuclear genes (Caviedes-Solis & Nieto-Montes 2017). We discuss these 349 uncovered lineages in detail below, but note here that linking NGS with mtDNA data allowed 350 us to query our lineages -first uncovered with multilocus genomic data -against GenBank to 351 see if any of them corresponded to already-described species. Doing so revealed that S. bistincta 352 is paraphyletic, with two already-described species nested within its current taxonomic limits 353 (Fig. 4) . The approach of discovering lineages with multilocus data and identifying them with 
Implications for species limits within Sarcohyla bistincta 375
The monophyletic group containing Sarcohyla bistincta is comprised of many distinct lineages as 376 well as two already-described species (S. pentheter and S. calthula). These lineages are grouped 377 into three fairly divergent clades, which agree with clades uncovered in a recent study based on 378 fewer markers (Caviedes-Solis & Nieto-Montes 2017). In discussing these clades and lineages 379 below, we use the most conservative estimate of 8 lineages, supported by the species tree, as a 380 framework. Within that framework, we discuss the potential for further genetic structuring, as 381 suggested by genetic clustering results and individual UCE and mtDNA phylogenies. We do 382 not attempt to estimate the "true" number of species through species delimitation or other 383 19
methods, because we feel species delimitation is best carried out through integrative taxonomy 384 Lineage 4 (pink in Fig. 1 ) -Western Guerrero. This lineage is monophyletic in all trees, 411 although only a few individuals were sampled from a single locality. 412
Lineage 5 (orange and yellow in Fig. 1) The three clades and nearly all of the lineages were distinct in the mtDNA tree as well as the 435 UCE tree (Fig. 2) . The mtDNA tree, however, supports a more complicated history for Lineages 436 3, 4, and 6 in Guerrero. It is unclear why UCE and mtDNA results differed in this regard, but 437 21 some reticulate processes might have influenced the mtDNA genomes of these lineages, 438 perhaps, given their close geographic proximity, mtDNA capture of one lineage by another This and other recent studies show there is still substantial diversity remaining to be 450 described in the Mexican Highlands. Genetic studies to uncover this diversity might use 451 different approaches and marker types, but these efforts need not be in opposition. As our 452 study shows, NGS and mtDNA data work well together, when lineages uncovered via 453 multilocus methods (but with linked mtDNA data) can be checked against and combined with 454 existing mtDNA databases like Genbank. Identification of vouchered material might not be a 455 problem with some well-studied groups, like birds, but it is invaluable for groups with 456 undescribed larval stages, unclear range boundaries, and difficult or highly conserved 457 phenotypes. As the destruction of native habitats continues apace, it is important that we 458 identify distinctive lineages and geographic centers of diversity before they are lost. 
